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Diminished left ventricular distensibility has been pustu- 
lated as a cause of left ventricular failure in atrial septal 
defect. To evaluate this hypothesis the indexes of left 
ventricular compliance and stiffness were estimated in I5 
patients with trial septal defect and the results compared 
with tbase in 10 normal subjects. Age, peak left ventricular 
systolii pressure, end-diastolic pressure, ejection fraction 
and cardiac index did nut differ significantly between 
groups. Left ventricular end-diastolic volume for the atrial 
xplat defect group was signiticant~y less than that for the 
control group (mean f SD, 61 f 9 ml/m2 versus 73 f 13, 
p < 0.05) in keeping with previous studies. The slope of the 
log pressure-volume relation was significantly greater in Lhe 
group with atrial septal defect than in the normal group 
(O.O!M f 0.010 versus 0.044 f 0.008, p C 0.01), consistent 
with increased &amber stiffs. 
For a group of six patients with atria1 septal defect and 
The etiology of feft ventricular failure in atrial septal defect 
continues to be debated (l-5). Proposed mechanisms have 
included the presence of an additional mechanical lesion 
adversely affecting left ventricular performance (I), left 
ventricular systolic dysfunction as an effect of left to right 
shunt (I) and interference by the right ventricle with left 
ventricular diastolic function (5). The latter concept is based 
on early observations by Dexter (I) in patients with atrial 
septal defect and studies in a canine model (2) that demon- 
strated a decline in left ventricular compliance in response to 
a progressive increase in right ventricular filling. Subsequent 
studies irr humans (43 have demonstrated normal left 
ventricular systolic function in patients with atrial septal 
defect and elevated left ventricular filling pressure, providing 
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elevated left ventricular end-diiolic pressure, normalized 
compliance was SigniEcantly less than that in the coletrd 
group (0.017 f 0.001 versus 0.036 2 O.W7, p < 0.02). Tke 
slope k of the elastic stilfness-stress relation for the t-1 
group with atrial septal defect was signiikantly greater 
than that of the ti group (21.0 2 2.3 versus 18.l 2 
2.3, p < 0.01). An index of muscle fiber stretch (dVNdB x 
end-diastolic stress x 100) was signit%cantly less in the atria! 
septal defect group than in the controt group (74 4 24 
versus 106 2 22, p < 6.01). 
Thus, left ventricular compliance and muscle stiffness 
ray he adversely affected in atria1 septaJ defect. Abnormal 
distensibility may exist in the presence of elevated lefi 
ventricular diastolic pressure and may have a rok in the 
genesis of left ventricular failure in lldi setting. 
(J Am CON Cardiol1988;12:1231-6) 
support for the concept of an adverse effect of atrial septal 
defect on left ventricular diastole. 
The present study was undertaken to investigate left 
ventricular compliance and elasticity in atrial septal defect 
using recently developed techniques for assessment of feft 
ventricular pressure-volume relations (6) and to test the 
hypothesis that left ventricular distensibility is diminished 
and is responsible for the development of altered left ven- 
tricular diastolic function in these patients. 
Methods 
Study patients. Cardiac catheterization records were re- 
viewed from January 1976 to October 1984. and data from 25 
subjects were selected to form the study population. Fifteen 
patients (I man and l4 women) ranging in age from 18 to 6g 
years (mean 48) were identified who underwent cardiac 
catheterization for suspected atria1 septal defect and whose 
procedure included left heart catheterization and left vfn- 
tricular cineangiography. No patient had a history or evi- 
dence at catheterization; of mitral regurgitation or ether 
01988 by the American College of Cardiology 0735 I@97~88/$3.50 
1232 BOOTH ET AL. JACC Vol. 12. No. 5 
VEtJTRtCULAR FUNCTION IN ATRIAL SEPTAL DEFECT Novcmbcr 19AX.12314 
mechanical lesions affecting the left ventricle. Catheteriza- 
tion data were consistent with secundum atrial septal defect 
sure-volume relation was estimated according to the follow- 
ing formula (13): 
in all 
IOof 
15 subjects. Coronary arteriography 
these I5 and was normal in all IO. 
was performed in 
The control group consisted of seven men and three 
women ranging in age from 41 to 62 years (mean 50) who 
were selected at random. These patients had undergone 
elective catheterization for a chest pain syndrome and were 
found 10 have normal right and left heart hemodynamic data 
and a normal left ventriculogram and normal coronary 
arteriogram. 
Catbcterization technique. Patients were premeditated 
P = be’“, (2) 
where P = left ventricular end-diastolic pressure, e = the 
base of the natural logarithm, V = left ventricular end- 
diastolic volume, c = the slope of the log pressure-volume 
relation and b = the extrapolated left ventricular end- 
diastolic pressure at zero volume. The constant b is based on 
data obtained in dogs as described by Gaasch et al. (13). It 
follows from equation 2 that 
with diphenhydramine (56 mg) or diazepam (10 mg) orally. 
Right and Ieft heart catheterization were performed using 
standard sites and techniques for catheter introduction. 
Pressures were recorded through fluid-filled catheter sys- 
tems using Statham or Bentley transducers. Cardiac output 
was determined by thermodilution technique or according to 
the Fick principle. Pulmonary to systemic flow ratios were 
determined from oximetry data according to standard for- 
mulas (7). Systemic and pulmonary vascular resistance in 
dynes+cm-5 were calculated according lo standard meth- 
ods (8). Single plane left ventricular cineangiograms were 
filmed at 60 frames/s in the 30’ right anterior oblique projec- 
tion with 36 to 45 ml of 76% diatrizoate meglumine and 
sodium administered at 12 to I5 ml/s by power injector. 
Selective right and left coronary arteriography was per- 
formed by standard techniques. 
Calculations. Left ventricular end-diastolic and end- 
systolic volumes were estimated from the single plane ven- 
triculogram according to the area-length method of Dodge 
log P = log b + cv. (3) 
The constant c, the slope of the log pressure-volume relation 
for this function, is the basis from which indexes of compli- 
ance can be derived. A greater left ventricular diastolic 
pressure will be predicted for any increment in left ventric- 
ular volume, the greater the slope c of the log pressure- 
volume plot. Thus, a greater value of c would be an indicator 
of lesser distensibility. Compliance, dV/dP, was estimated 
according to the formula 
dV/dP (ml/m’ per mm Hg) = eeCV or IlcP. (41 
To account for differences introduced by variability in 
end-diastolic volumes, specific compliance was calculated as 
the quotient of compliance and end-diastolic volume: 
Specific compliance (mm Hg”“‘) = dVNdP = IlcPlV. (5) 
(9) with use of the regression formula if Kennedy et al. (I<). 
End-diastolic and end-systolic ventricular silhouettes and 
the long axis from the apex to the midpoint of the aortic 
valve closure line were digitized with use of an electromag- 
netic platen-cursor system. Left ventricular volumes were 
then determined with an interfaced programmable calculator 
(Hewlett-Packard 983OA). Left ventricular end-diastolic wall 
thickness and 
Rackley et al. 
wall 
(11). 
ma& were calculated by the method of 
Volumes and masses were normalized for 
In addition to estimating compliance, we sought a more 
thorough assessment of the force acting on the left ventricle 
at end-diastole because it can be postulated that preload is 
diminished in atria1 septal defect as a resJt of left to right 
shunting. Thus, we employed an index of muscle fiber 
stretch, (MFS) (13), as follows: 
(6) MFS = dV/VdP x U~,, x 100. 
body surface area. End-diastolic circumferential left ventric- 
ular stress at midwall was calculated by assuming ellipsoidal 
geometry for the left ventricular chamber and using the 
formula derived by Miwky (12), 
This index, in arbitrary units, accounts for pressure and 
volume as well as for the force generated circumferentially at 
the midwall and may be taken as an indicator of left 
ventricular muscle length at end-diastole. To further evalu- 
ate left ventricular el&ticity, left ventricular stiffness was 
u cd = P(Slh) (I - h12B - B’/2A’), (I) determined for each subject by analysis of the elastic stiff- 
ness-stress relation: 
where a,, = end-diastolic stress (X IO3 dynes/cm2), P = 
pressure in g/cm’, h = endediastolic wall thickness, A = the 
and B = the semi-minor axis at semi-major 
midwall. 
E = kuCd. (7) 
where E = elastic stiffness, a,, = end-diastolic stress and 
k = the slope of this relation. The constant k was estimated 
by the method of Mirsky and coworkers (14) and is an index 
of passive elastic stiffness of the left ventricle; i.e., the 
As the study was retrospective, instantaneous pressure- 
volume data were not available. The left ventricular pres- 
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greater the value of the slope k. the greater the degree of 
elastic stiffness at any given level of stress. 
Statislical analysis. Standard hemodynamic variables. in- 
dexes distensibility and muscle state in diastole. were com- 
pared using a two-tailed Student’s t test for unpaired data 
(15). Data are presented as individual data points or mean 
values 5 SD. 
Results 
Table 1. Summary of Hemodynamics and Data From Analysis of 
Lcf? Ventricular Diastolic Function in 15 Patients With Atria1 
Scplal Defect 
Normal Ah! Scptal Defect 
Ill = lcu In = 15) 
RVSP (mm Hg) 25.9 T 5.0 48.2 c_ 22.8’ 
RVEDP tmm Hgt 5.7 + 2.3 to.3 z - a* 
MPA tmn Hgl 14.1 5 2.4 29.9 2 14.6’ 
PCW (mm Hg) 9.1 r 2.4 9.0 + 3.4 
Cl tWmm per m’) 3.0 + a.4 3.2 2 0.5 
PVR tdynes.ccm ‘) 70.3 ? 30 ISI ? 136 
LVSP tmm t:gt t23 2 19 127 2 18 
LVEDP (mm Hg) to.1 T 2.4 12.7 2 3.8 
MAP (mm Hg) 90 ? 13 94% to 
LVEF 0.68 2 0.06 0.70 + 0.09 
LVEDV tmt/m’) 13 z 13 61 2 9 
LVESV (mlim’l 23%4 18 * 5 
Wall thickness tcmt 0.90 c 0.t4 I.0 + 0.2* 
LVM (g/m? 952 17 t21 + 36’ 
c 0.044 f o.Otm 0.056 5 0.01 
LVED t x Id dynes/cm’) 32.9 + It.7 35.2 + 13.8 
k 18.1 -c 2.3 21.0 2 2.3’ 
E 612 z 249 670 + 348 
MFS ttt6z22 74 z 24: 
dV/dP,, (ml/mm Hg) 2.70 T 1.7 1.7 + 0.8 
dVNdP tmmlHg ‘3 0,036 % 0.017 0.027 * 0.014 
dVidP, iiikmm Hg) 5.2 r 5.2 2.3 2 2.3 
*p < 0.01: t,. i 0.05. c = slope of log pressure-volume relation: Cl = 
cardiac index; dVldPcd= left ventricular compliance at end-diasrole: dVldP, 
= compliance al common diastolic volume of 60 cc: dVNdP = rtormaked 
compliance: E = elastii stiffness; k = modulus of elaslic stiffness-stress 
relation; LVED = !eft ventricular end-diis~otii stress: LVEDP = left ven- 
tricular end-diastolic pressure; LVEDV = left ven~ricutar end-diastolic vol- 
ume: LVEF = left ventricular ejection fraction: LVESV = left ventricular 
end-systolic volume: LVM = left venlricular mass; LVSP = left vcnlricular 
systolic pressure: MAP = mean aortic pressure; MFS = musk fiber stretch 
mdex; MPA = mean pulmonary artery pressure; PCW = mean pulmonary 
capillary wedge pressure; PVR = pulmonary vascular resistance; RVEDP = 
right ventricular end-diastolic pressure: RVSP = d@t ventricular systolic 
pressure. Data are presented as mean r SD: n = number of subjeas. 
these six subjects, normalized compliance (dV/VdP) was 
much less than that in the control group (0.017 -C 0.001 mm 
Hg-! qe-sus 0.036 + 0.007. p < 0.01). Similarly, the slope of 
the log pressure-volume reiatian in these six subjects was 
considerably steeper than that in the control group (0.060 2 
0.010 versus 0.044 -C O.tKW3. p < 0.01). indicating the opera- 
tion of ait adverse effect on left ventricular filling (Fig. 1). 
Diastntii stress and mnsck properties. No significant dif- 
ference was found in end-diastolic circumferential stress at 
midwall for the atrial septal defect group compared with that 
in the control group (35.2 f 13.8 x Id dynes/cm’ versus 
32.9 -c 11.7, p > 0.05). Elastic stiffness (E) was slightly 
greater in the atrial septal defect group (670 2 348 gkm’ 
versus 612 * 249). but the difference was not significant. 
However, the slope k of the elastic stiffness-stress relation 
‘Has significantly greater in the atria! septal defect group than 
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in the control group (21.0 A 2.3 versus 18.1 5 2.3, p < O.GI) 
and was greater as well in those patients with an atrial septal 
defect who had elevated left ventricular end-diastolic pres- 
sure (22.0 -t- 2.8, p < 0.01). An inverse relation existed for 
the elastic stiffness constant compared with the index of 
muscle fiber stretch; this index was found to be significantly 
less in :he atria! septal defect group than in the control group 
(74 * 24 ~SPSUS I06 IT 22. p < O,Ol), a finding that. in 
combination with smaller end-diastolic volumes, is sugges- 
tive of undertilling of the left ventricle in this condition. 
Right ventricular function and shunt magnitude in the 
atrial septal defect group. Eight of the I5 patients with atrial 
septal defect had a right ventricular systolic pressure 2 45 
mm Hg. To assess whether right heart pressure elevation 
could be responsible for the diastolic left ventricufar abnor- 
malities, a subgroup analysis was carried out comparing the 
eight patients with atrial septal defect and elevated right 
ventricular presslre with those having a normal right ven- 
tricular pressure. As expected, right ventricular systolic 
pressure was significantly higher in the former group (44 f 
20 versus 30 f 4 mm Hg, p < 0.01). However, no differences 
could be found between these two groups with regard to any 
of the diastolic left ventricular indexes noted with the 
exception of muscle fiber stretch. The muscle fiber stretch 
index was 72 2 I3 for the patients in the atrial septal defect 
group with elevated right ventricular systolic pressure and 92 
+ 22 for those with a normal right ventricular systolic 
pressure (p < 0.025). No significant difference in shunt 
magnitude was found between those patients with atrial 
septal defect who had normal and those who had elevated 
left ventricular end-diastolic pressure (2.8 5 0.7 versus 2.2 2 
0.7). Whereas elevated right ventricular systolic pressure 
may play a role in the evolution of abnormal diastolic 
properties of the left ventricle in atrial septal defect, elevated 
right ventricular systolic pressure by itself is not the sole 
etiologic factor, 
MD 
Figure 1. The slope of the In pressure- 
volume relation W, normalized compliarrce 
(dV/VdP) and the slope of the elastic stiff- 
ness-stress relation for 6 of the 15 patients 
with atrial septal defect (ASDI with elevated 
left ventricular end-diastolic pressure com- 
pared with values in IO normal control sub- 
jects. *p < 0.05; **p < 0.01. 
k 
Discussion 
Results from this study indicate that in atrial septal defect 
the left ventricle operates during diastole at a greater mod- 
ulus of elastic stiffness; that is, the left ventricular myocar- 
dium is stiffer in atrial septal defect than in normal subjects. 
In addition, our data indicate that the left ventricular dias- 
tolic pressure-volume relation is abnormal in atriai septal 
defect and that in the presence of left ventricular failure, as 
manifested by elevated left ventricular diastolic pressure, 
left ventricular compliance is reduced. These findings may 
be accounted for by postulating a mechanical interaction 
between the ventricles in which the right ventricle impinges 
on left ventricular filling. However, an effect acting exter- 
nally on the left ventricle, such as a restraining pericardium, 
could produce similar manifestations. 
Compliance and muscle stiffness. Compliance data in this 
study reflect the existence of reduced ventricular distensi- 
bility in patients with atrial septal defect. Moreover, in 
patients whose left ventricular end-diastolic pressure was 
elevated, normalized left ventricular compliance was signif- 
icantly reduced, indicating that the results were not simply 
the elect of differences in volumes. No evidence of addi- 
tional lesions affecting the left ventricle was present in these 
patients, and results of coronary arteriography were normal 
in those in whom it was performed (two-thirds of the entire 
group) and particularly in the four of five patients in the 
group with elevated left ventricular end-diastolic pressure, 
thus excluding readily identifiable ipsilateral causes of ab- 
normal left ventricular compliance. Whereas the pressure- 
volume curve describes function of the entire left ventricular 
chamber and provides for derivation of various indexes of 
distensibility (17), the stress-strain relation reflects diastolic 
muscle function and has also been represented mathemati- 
cally by various curvilinear functions (12). Stress may be 
defined as the force experienced in the muscle wall for a 
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given strain or muscle stretch (IQ. The first derivative of the 
stress-strain relation, the change in stress with respect tc 
change in strain, has been termed elastic stiffness. The 
stiffness constant k may be estimated for all biologic mate- 
rials, and in cardiac muscle it defines the linear relation 
between the magnitude of elh&c stiffness that accrues 
during stretch and the level of force (stress) experienced by 
muscle during the stretch (6). The greater the value of k, the 
greater will be the increment in elastic s!iffness for an 
increment of diastolic stress. A greater modulus would have 
the potential to affect the steepness of the log pressure- 
volume relation for a ventricle or to move the ventricle 
higher on a given curve (6). 
In the preselrt study, the stiffness constant k was signifi- 
cantly greater in the patients with atrial septal defect than in 
the control subjects. Nine of the 15 patients with atrial septal 
defect had normal left ventricular end-diastolic pressure and 
yet relatively greater values for the slope k than did the 
control subjects. Left ventricular compliance may be postu- 
lated to have remained normal in such cases because the left 
ventricle was not sufficiently stiff to raise the ventricle on the 
pressure-volume curve. At greater levels of elastic stiffness 
modulus, the left ventricle would operate on a higher portion 
of the pressure-volume relation or on an individually steeper 
curve. Such curves predict larger pressure changes with 
respect to volume, giving rise to higher left ventricular filling 
pressure and diminished left ventricular compliance. That 
such progression could occur is supported by our findings in 
six patients with atrial septal defect and elevated left ven- 
tricular end-diastolic pressure who had a significantly in- 
creased modulus of elastic stiffness and diminished index of 
compliance. Thus, in atrial septal defect with elevated left 
ventricular filling pressure in the absence of additional 
mechanical lesions adversely affecting the left ventricle, 
increased muscle stiffness may be the origin of left ventric- 
ular diastolic dysfunction. Our data are in accord with the 
study of Carabello et al. (IS), which demonstrated normal 
left ventricular systolic function in patients with atria1 septal 
defect and elevated left ventricular end-Castolrc pressure. 
We determined an index of muscle tiber stretch in this 
study as the product of end-diastolic stress and normalized 
compliance (13) in an effort to assess end-diastolic muscle 
length. A striking finding was that muscle fiber stretch was 
significantly less in paiients with atrial septal defect than in 
normal subjects. These data may be explained on the basis of 
undertilling of the left ventricle and are supported by the 
finding of reduced left ventricular end-diastolic volume in 
atrial septal defect. Impingement on or interference with left 
ventricular filling in atria1 septal defect could be postulated 
to occur as a result of right ventricular filling dynamics or left 
to right shunting at atrial level, Such an effect could produce 
altered left ventricular elasticity and elevated left ventricular 
filling pressure. 
The pericardium has been shown to substantially affect 
the left ventricular diastolic pressure-volume relarion when 
right ventricular diastolic pressure is varied (19). Recent 
evidence !20-21) has demonstrated an integral role for the 
normal pericardium in the mechanical interaction of the 
ventricles, a role that may become more significant in the 
presence of ventricular disease (23). it may be postulated 
that a progressively dilating right ventricle in atria1 septal 
defect has the potential for occupying a signiftcant portion of 
the pericardial space. The right ventricle has been shown 
(241 to interfere with feft ventricular filling during artificial 
ventilation with increasing positive end-expiratory pressure, 
In a similar manner, the right ventricle could impede left 
ventricular filling in atrial septal defect as a result of a 
“restrictive” pericardium. Operation of a pericardial effect 
to produce abnormal indexes of stiffness and compliance 
cannot be excluded in the present study. 
Validity of derived estimates of dlenslbiity. Estimations 
and conclusions from the foregoing analysis are based on the 
use of end-diastolic data and the assumption of a fixed 
pressure intercept at zero volume for the log pressure- 
volume relation (i3). The validity of the method, which was 
originally derived before the development of techniques 
such as frame by frame analysis of pressure and volume in 
humans, has been questioned (25,26) on grounds that the 
pressure intercept at zero volume does vary significantly. It 
has also been questioned (27) whether the diastolic pressure- 
volume relation iu humans can be approximated by any 
method because acceptable techniques can sample only a 
small portion of the curve. On the other hand, work by 
Bertrand et al. (27) has provided support for use of the 
present method. In an analysis of patients with recent 
transmural myocardial infarction, these authors were able to 
accurately estimate the slope of the log pressure-volume 
relation by both frame by frame analysis and the fixed 
intercept technique, even though the consecutive frame 
analysis produced a wide variance of values for the y 
intercept. A subsequent study (28) of elastic properties of the 
Ieft ventricle in aortic stenosis showed that the stiffness 
constant k as computed in the present study is comparabte 
with the result obtained using frame by frame analysis. Thus, 
although pressure-volume and stress-strain data from con- 
secutive frame or simultaneous echocardiogram-pressure 
algorithms are preferable, the theoretical analysis applied in 
the present study can yield valid estimates of compliance 
and stiffness. 
Left vent&&u mass In atrial SoFtal d&et. Left ventric- 
ular mass was slightly but significantly greater in the atria1 
septal defect group than in the control group in this study. a 
result that is generally inconsistent with the pathophysiology 
of the disorder and most probably was due to the angio- 
graphic technique for assessing wall thickness. The measure- 
ment for wall thickness is taken at the mid-anterior wall of 
the left ventricle, an area that may be occupied by the right 
ventricle in atria1 septai defect and therefore may be capable 
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of rendering an excessive thickness for the left ventricular 
wall. On the other hand, several studies (29,301 have dem- 
onstrated increased muscle content in the nonstressed ven- 
tricle in animal models of cardiac hypertrophy, indicating 
that left ventricular hypertrophy is theoretically possible in 
the setting of isolated atrial septal defect. In any case, mass 
was not a significant determinant in the mathematical esti- 
mation of the modulus of stiffness in this study. 
Conclusions. Our data indicate that diastolic function of 
the left ventricle is altered in atrial septal defect and that 
altered left ventricular diastofic properties may be responsi- 
ble when elevated left ventricular diastolic pressure devel- 
ops in patients with isolated atrial septal defect. It may be 
postulated that left ventricular stiffness and compliance are 
altered as a result of chronic right ventricular volume over- 
load. However, the role of the pericardium has not been 
examined. Evaluation of these possibilities awaits a prospec- 
tive investigation of patients with atrial septal defect and 
elevated left ventricular diastolic pressure. 
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